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In Pa r t  I ,  wicking m a t e r i a l  t e s t s  were made on R e f r a s i l  No. (2100- 
28. The t e s t s  were run  on 9- in.  X 1- in .  R e f r a s i l  s t r i p s .  Displacement- 
t ime curves were ex t r apo la t ed  f o r  p r e d i c t i n g  t h e  performance of a  
21-3/4 i n .  h e a t  p ipe .  
In  P a r t  11, h e a t  p ipe  t e s t s  were run wi th  a  wel l-defined wick 
l eng th  of 21-3/4 i n .  and a  t o t a l  width o f  7 i n .  The same R e f r a s i l  
was t h e  wicking m a t e r i a l .  An open-ended dewar housed t h e  hea t  pipe 
system which cons i s t ed  of  hea t  i n p u t ,  mass t r a n s f e r ,  and hea t  removal 
s e c t i o n s .  .Two e l e c t r i c  h e a t e r s  supp l i ed  hea t  i n p u t ,  while  c i r c u l a t -  
i n g  water  was used f o r  hea t  removal. 
Both P a r t s  I and I1 showed water  t o  be a  much b e t t e r  opera t ing  
f l u i d  than  e t h y l  a l coho l  o r  50 percent  e t h y l  a l coho l  by weight.  E thy l  
a l coho l  appeared t o  be only s l i g h t l y  b e t t e r  t han  t h e  50 percent  mix- 
t u r e .  A t  ze ro  degrees t h e  maximum hea t  t r a n s f e r  c a p a c i t i e s  were 15 ,  
4 ,  and 2 w a t t s ,  r e s p e c t i v e l y ,  f o r  t h e  t h r e e  f l u i d s .  The p red ic t ed  
wattages from P a r t  I were gene ra l ly  h ighe r  due t o  g r e a t e r  ease  i n  
s a t u r a t i n g  t h e  wicking m a t e r i a l  with f l u i d .  
A gap e f f e c t  c r ea t ed  by sewing two l a y e r s  of wicking ma te r i a l  
t o g e t h e r  g r e a t l y  enhanced t h e  hea t  p ipe  performance. A t  zero degrees ,  
water t r a n s f e r r e d  over 80 w a t t s ,  a s  compared t o  15  wa t t s  prev ious ly .  
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Future space explora t ion  w i l l  e n t a i l  more and more extravehicu-  
l a r  a c t i v i t y .  Consequently, it becomes necessary t h a t  t h e  a s t r o n a u t ' s  
space s u i t  provide him with a s u i t a b l e  l i v i n g  environment. One ne- 
c e s s i t y  i s  p rov i s ion  of a s a t i s f a c t o r y  thermal  environment. 
Present  systems u t i l i z e  l iqu id-cooled  undergarments which need 
an i n t r i c a t e  system o f  va lves ,  pumps, and a u x i l i a r y  equipment. Heat 
p ipes  could be used t o  c r e a t e  a system of l e s s  complexity and g r e a t e r  
e f f i c i ency .  The complexity of t h e  system could be reduced because 
a hea t  p ipe  i s  a closed system which needs no resupply o r  adjustment 
a f t e r  assembly. No pumps, compressors, o r  a u x i l i a r y  equipment a r e  
needed during opera t ion .  E f f i c i ency  i s  increased  because a hea t  p ipe  
commonly t r a n s f e r s  hea t  on t h e  o rde r  of 100-1000 t imes f a s t e r  than  
t h e  b e s t  conducting metals.  
A space s u i t  thermoregulatory system must be capable of t r ans -  
f e r r i n g  hea t  from t h e  a s t r o n a u t ' s  body t o  an a r e a  on t h e  s u i t  where 
t h e  hea t  can be r e j e c t e d  e i t h e r  t o  space  by r a d i a t i o n  o r  t o  a porous 
p l a t e  subl imator .  In  performing such t a s k s ,  t h e r e  a r e  no r e s t r i c t i o n s  
on t h e  o r i e n t a t i o n  of a hea t  pipe.  Wicking m a t e r i a l s  a r e  used t o  
provide f l u i d  t r a v e l  from t h e  hea t  r e j e c t i o n  a r e a s  t o  t h e  hea t  i npu t  
a r e a s ,  even aga ins t  t h e  fo rce  of g r a v i t y .  
A t  temperatures  below 32OF, a f l u i d  such a s  a lcohol  o r  an a lcohol -  
water  mixture could be used. A mixture might compensate f o r  t h e  low 
latent heat  of t h e  a lcohol  s i n c e  t h e  two f l u i d s  w i l l  tend t o  s e p a r a t e  
and occupy oppos i t e  ends of  t h e  hedt  p ipes ,  Thus, t h e  c l i  scanee acposs 
which t h e  alcohol. must t r a n s f e r  hea t  would be reduced, 
Ln space s u l t  appl .~_cat ions,  t h e  heat  p i p e  configurd-isioli aiid hea t  
t r a n s f e r  r a t e s  i n d i c a t e  t h a t  t h e  a b i l i t y  of t h e  wick t o  t r a n s f e r  t h e  
f l u i d  w i l l  be more of a  l i m i t i n g  f a c t o r  than  t h e  p re s su re  drop due 
t o  vapor flow. Consequently, t h i s  s tudy  was r e s t r i c t e d  t o  t h e  per-  
formance of t h e  wick. 
During t h e  l a s t  few y e a r s ,  t h e r e  has  been cons iderable  a c t i v i t y  
i n  t h e  s tudy of hea t  p ipes  a s  i nd ica t ed  by t h e  numerous t e c h n i c a l  
s e s s ions  on t h e  s u b j e c t  a t  t h e  meetings o f  s e v e r a l  p ro fe s s iona l  soc i e -  
t i e s ,  such as ASME Clli, A I A A  C21, and o t h e r  combined meetings C31. 
A d e t a i l e d  l i t e r a t u r e  survey w i l l  no t  be presented h e r e ,  however; 
only r e f e rences  which have d i r e c t  bear ing  on t h i s  s tudy  w i l l  be given. 
fNumbers i n  bracke ts  r e f e r  t o  e n t r i e s  i n  REFERENCES, 
2. HEAT PIPE OPERATLOK 
A heat  pipe consists of  t h r e e  d i s t i n c t  s e c t i o n s .  F i r s t ,  a h e a t  
i npu t  s e c t i o n  o r  evapora tor  s e c t i o n  evaporates  t h e  ope ra t ing  f l u i d .  
Second, t h e  small  p re s su re  g rad ien t  along t h e  hea t  p ipe  f o r c e s  t h e  
vapor through t h e  mass (vapor s t a t e )  t r a n s f e r  s e c t i o n  t o  t h e  t h i r d  
s e c t i o n ,  t h e  h e a t  r e j e c t i o n  o r  condenser s e c t i o n .  Here, t h e  vapor 
condenses before  r e t u r n i n g  t o  t h e  hea t  input  s e c t i o n  v i a  t h e  mass 
( l i q u i d  s t a t e )  t r a n s f e r  s e c t i o n .  Capi l la ry  a c t i o n  o r  g r a v i t a t i o n a l  
f o r c e  i s  t h e  means of  r e t u r n i n g  t h e  f l u i d .  
Mass r e t u r n  t o  t h e  hea t  input  s e c t i o n  by c a p i l l a r y  a c t i o n  r e q u i r e s  
t h e  use  of  a  wicking m a t e r i a l .  Commonly used wicking m a t e r i a l s  a r e  
f i n e  wire s c reens ,  porous s o l i d  m a t e r i a l s ,  and n a t u r a l  o r  s y n t h e t i c  
c l o t h s .  
3 ,  GENERAL HEAT PIPE THEORY 
For t h e  purpose of t h i s  work, a  r e l a t i v e l y  simple theory ,  such 
a s  given i n  [4,5] ,  i s  q u i t e  adequate.  This theory w i l l  only be b r i e f l y  
summarized here .  
The temperature g rad ien t  a long a  wick l i m i t e d  hea t  p ipe  i s  very 
sma l l  due t o  t h e  smal l  p re s su re  g rad ien t .  Consequently, conduction, 
r a d i a t i o n ,  and s e n s i b l e  convection hea t  t r a n s f e r  w i l l  a l l  be n e g l i -  
g i b l e  compared t o  hea t  t r a n s f e r r e d  a s  l a t e n t  hea t  of  vapor iza t ion .  
Assuming a l l  hea t  t r a n s f e r r e d  i s  due t o  l a t e n t  h e a t ,  t h e  hea t  t r ans -  
f e r  r a t e  (Q) is t h e  product of  mass flow r a t e  (;) of  f l u i d  i n  t h e  
wick and l a t e n t  hea t  of vapor iza t ion  (h ) of t h e  f l u i d  a t  t h e  oper- 
f g  
a t i n g  temperature o f  t h e  system. The maximum hea t  t r a n s f e r  c a p a b i l i t y  
. . 
of t h e  hea t  p ipe  i s  then  xax = m, axhf  where mmax may be i n t e r p r e t e d  
a s  t h e  flow r a t e  occurr ing when t h e  wicking m a t e r i a l  i s  dry a t  t h e  
evapora tor  end, 
The fol lowing f o u r  b a s i c  parameters may be used t o  f i n d  an  ex- 
p re s s ion  f o r  t h e  maximum mass flow r a t e .  They a r e  
( i )  t h e  c a p i l l a r y  pumping head of  t h e  wick (APc), 
( i i )  t h e  vapor pressure  drop (APv), 
( i i i )  t h e  l i q u i d  viscous drag  (APL), and 
( i v )  t h e  g rav i ty  head (APg ) . 
The a c c e l e r a t i o n  e f f e c t s  i n  t h e  wick can be ignored C51. Worn a  b a l -  
ance of  p re s su re  heads, t h e  equat ion f o r  t h e  opera t ion  of a  hea t  p i p e  
becomes 
Subs t i t u t ing  appropr ia te  terms f o r  t h e  p re s su re  heads, E q ,  (1) becomes 
2e i..iLrn 
---- > -- -t pg& cos 4 
r --- pKA 
where AP has been assumed t o  be n e g l i g i b l e ,  2ajr i s  a maximum value  
v 
f o r  APc which occurs  where t h e  wick becomes dry. Rearrangement o f  
Eq .  ( 2 )  g ives  
Therefore,  
and 
4 ,  EXPERIMENTAL WORK, PART I 
APPARATUS AND TEST PROCEDURE 
The appara tus  used f o r  t e s t i n g  t h e  wicking m a t e r i a l  R e f r a s i l  
No. (2100-28 i s  shown i n  Fig. 1. The o b j e c t i v e s  o f  t h e  t e s t s  were t o  
ob ta in  f l u i d  f r o n t  displacement and volume t r a n s p o r t  d a t a  a s  func t ions  
of t ime . 
Fluid  w a s  suppl ied  t o  one end of t h e  t e s t  wick by a 100 m i l l i -  
l i t e r  supply b u r e t t e .  Excess f l u i d  d r ipp ing  from t h e  s a t u r a t e d  end 
o f  t h e  wick was c o l l e c t e d  i n  a  100 m i l l i l i t e r  r e c e i v e r  bu re t t e .  There- 
f o r e ,  t h e  t o t a l  volume t r a n s f e r r e d  along t h e  wick was t h e  d i f f e r e n c e  
between readings  o f  t h e  supply and r e c e i v e r  b u r e t t e s .  
The t e s t  wick w a s  supported on a  1 cent imeter-square mesh screen.  
F lu id  l o s s e s  by evaporat ion were minimized by 
( i )  p l ac ing  t h e  wick and screen  i n  a  3 1  rnrn i n s i d e  diameter 
p l e x i g l a s  t ube ,  
( i i )  u s ing  a  hood t o  p a r t i a l l y  cover t h e  a r e a  where t h e  f l u i d  
was in t roduced ,  and 
( i i i )  s a t u r a t i n g  t h e  atmosphere around t h e  wick by leaving  some 
of t h e  t e s t  f l u i d  i n  t h e  tube  before  each t e s t .  
A copper wire  w a s  a t tached  t o  t h e  support  sc reen  a t  2-in. i n t e r -  
v a l s  along t h e  wick with an a d d i t i o n a l  wi re  placed a t  t h e  f i r s t  l o -  
ca t ion .  Af te r  removing i n s u l a t i o n  from t h e  ends o f  t h e s e  wi re s ,  t h e  
ends were i n s e r t e d  i n t o  t h e  wick pores ,  A l l  wi res  were connected t o  
a 25-point thermocouple switch whose main tesmina is  were connected 
to an ohmmeter, When the wick was dry, the ohmmeter indicated an .in- 
finite resistance between any wire and the additional wire at the first 
l o c a t i o n .  Immediately a f t e r  t h e  wick pores  occupied by a wire  were 
wet ted ,  t h e  r e s i s t a n c e  between t h a t  wire  and t h e  a d d i t i o n a l  wi re  changed 
(over  a  per iod of about 1 second) from i n f i n i t y  t o  about 1 megohm. 
A f t e r  one c r o s s  s e c t i o n  w a s  wet ted ,  t h e  thermocouple switch was ad- 
vanced t o  t h e  next  wire  t o  d e t e c t  wet t ing  t h e r e .  A s  t h e  wet t ing  f r o n t  
reached each wi re ,  a s  i n d i c a t e d  by t h e  first change i n  r e s i s t a n c e ,  
t h e  t o t a l  d i s t a n c e  of  wet t ing  f r o n t  down t h e  wick and t h e  t o t a l  e lapsed  
t ime of t h e  t e s t ,  measured by a s t o p  watch, were recorded. A t  t h e  
9-in.  l o c a t i o n ,  supply and r e c e i v e r  b u r e t t e  volumes were recorded a s  
we l l ,  The curves i n  Figs.  2-6 were cons t ruc ted  us ing  t h e  displacement- 
t ime data .  The r e s u l t s  w i l l  be discussed a f t e r  t h e  d e s c r i p t i o n  o f  
Pa r t  I1 of  t h e  experimental work. 
5, EXPERIMENTAL WORK, PART I1 
5.1 APPARATUS 
Figure 7 shows t h e  t e s t  se t -up  which i s  the  same b a s i c  set-up 
used and descr ibed i n  d e t a i l  p rev ious ly  C4,51. 
Dewar: The t h r e e  main elements of  the  hea t  p ipe  ( h e a t  i n p u t ,  
mass t r a n s f e r ,  and h e a t  r e j e c t i o n  s e c t i o n s )  were housed i n  a  7 .62  cm 
I . D . ,  8.90 cm O . D . ,  101.5 cm long double open-ended, s i l v e r e d  g l a s s  
dewar. The dewar was made o f  two concent r ic  g l a s s  cy l inde r s  with t h e  
su r f aces  i n  t h e  annulus s i l v e r e d .  It  provided i n s u l a t i o n  i n  t h e  r a -  
d i a l  d i r e c t i o n  between the  i n t e r i o r  and t h e  surroundings.  Unsilvered 
window s t r i p s  l oca t ed  a x i a l l y  along t h e  top  and bottom of  t h e  dewar 
I 
allowed inspec t ion  of  t h e  i n t e r i o r  a f t e r  assembly. A combination of 
O-rings and gaskets  was used t o  s e a l  t h e  dewar i n  t h e  a x i a l  d i r e c t i o n .  
Also, a  r a d i a l  tube  between t h e  i n s i d e  of  t h e  dewar and t h e  ex t e r io r  
was provided near  t h e  condenser end t o  allow charging o f  t h e  wicking 
chamber with the  d e s i r e d  f l u i d ,  and t o  provide connection of  a  vacuum 
system t o  the  i n t e r i o r  and passage of  thermocouple wires  e n t e r i n g  t h e  
dewar . 
: Two e l e c t r i c a l  hea t ing  elements 
were used as  t he  hea t  i npu t  source ,  The h e a t e r  c l o s e r  t o  t h e  mass 
t r a n s f e r  s ec t ion  (main h e a t e r )  was used f o r  t h e  t o t a l  hea t  i n p u t ,  while 
t h e  o t h e r  (guard h e a t e r )  was used t o  minimize a x i a l  hea t  flow away 
from the  chamber. An accura te  measurement of  hea t  input  t o  t h e  mass 
t r a n s f e r  s ec t ion  could then be obtained by record ing  input  wattage 
to t h e  main h e a t e r ,  E l e c t r i c a l  energy was suppl ied  t o  each h e a t e r  
from a v a r i a b l e  t ransformer ,  Wattmeters were used t o  measure t h e  
power inpu t s .  An O-ring sea led  aluminum d i s c  wa l l  between t h e  main 
h e a t e r  and t h e  mass t r a n s f e r  s e c t i o n  provided a uniform source o f  hea t  
t o  t h e  chamber. 
Heat Transfer  Sec t ion  (Wicking Chamber): Wicking m a t e r i a l  R e f r a s i l  
No. C100-28 was used because p a s t  experience proved it t o  be s u p e r i o r  
i n  water  l i f t  r a t e  and ho r i zon ta l  t r a n s f e r  r a t e .  
Four h o r i z o n t a l  s t r i p s  of wicking m a t e r i a l  were used t o  e l imina te  
g r a v i t a t i o n a l  e f f e c t s  over a  given c r o s s  s e c t i o n  of t h e  hea t  p ipe .  
The two c e n t e r  s t r i p s  were 2-1/16 i n .  wide, while  t h e  t o p  and bottom 
s t r i p s  were 1-7/16 i n .  wide. A wicking cage was u t i l i z e d  t o  suspend 
t h e  R e f r a s i l ,  a s  we l l  a s  t o  prevent  a x i a l  movement of t h e  hea t  i n p u t  
and hea t  r e j e c t i o n  sec t ions .  Also, c i r c u l a r  p i eces  o f  R e f r a s i l  were 
a t t ached  t o  t h e  aluminum d i s c s  a t  each end forming t h e  hea t  i npu t  and 
hea t  r e j e c t i o n  s e c t i o n s  t o  evenly d i s t r i b u t e  f l u i d  and t o  supply f l u i d  
t o  t h e  h o r i z o n t a l  wicking s t r i p s .  
Heat Reject ion Sec t ion  (Condenser): An O-ring sea l ed  aluminum 
d i s c  was used i n  t h e  hea t  r e j e c t i o n  s e c t i o n ,  a s  i n  t h e  hea t  i npu t  sec-  
t i o n ,  t o  provide uniform hea t  t r a n s f e r .  Af te r  being conducted through 
t h e  aluminum d i s c ,  t h e  hea t  was removed by c i r c u l a t i n g  cool  water through 
t h e  condenser s ec t ion .  
Temperature Measurement: Temperatures throughout t h e  system were 
measured by monitoring twenty-two copper-constantan thermocouples, One 
thermocouple was placed ac ros s  a mica d i s c  between t h e  main and guard 
h r a t e ~ s .  K i t h  t he  des i red  hea t  i npu t  s e t  0 x 1  the main h e a t e r ,  t h e  guard 
h e a t e r  was con t inua l ly  ad jus t ed  t o  keep t h e  temperature g rad ien t  a t  
zero.  Thus, i t  was ensured t h a t  t h e  des i r ed  hea t  input  would flow 
i n t o  t h e  mass t r a n s f e r  s e c t i o n .  Another thermocouple was placed a c r o s s  
t h e  i n l e t  and o u t l e t  cool ing  water  l i n e s  a s  a check on t h e  hea t  t r a n s -  
f e r r e d  along t h e  hea t  p ipe .  The twenty remaining thermocouples were 
used t o  record temperatures  a t  va r ious  l o c a t i o n s  on t h e  hea t e r  and 
condenser aluminum d i s c s  and i n  t h e  wicking chamber. 
Wicking Chamber Manifold: A wicking chamber manifold w a s  l o c a t e d  
near  t h e  condenser end t o  make t h e  necessary connect ions t o  t h e  wick- 
i n g  chamber. This manifold contained a l a r g e  vacuum valve f o r  evacu- 
a t i n g  t h e  dewar through a g l a s s  access  tube  i n  t h e  s i d e ,  a s  we l l  as 
a small needle  vacuum valve t o  purge non-condensible gases  from t h e  
chamber. Another small  needle  va lve  allowed t h e  chamber t o  be charged 
with t h e  working f l u i d .  Passage of  thermocouple wires  i n t o  t h e  cham- 
ber  was made poss ib l e  by a t r a n s f e r  plug. Connection of a pressure-  
vacuum gage t o  t h e  chamber was accomplished by a union on t h e  mani- 
f o l d .  This union was l a t e r  used i n  connecting a mercury manometer 
t o  t h e  chamber. F ina l ly ,  another  union was made a v a i l a b l e  f o r  d i r e c t  
connection t o  t h e  chamber i t s e l f .  
: A 21-point Leeds and Northrup m i l l i v o l t  
r eco rde r  was used t o  record t h e  twenty temperature measuring po in t s .  
The temperature g rad ien t s  between t h e  two h e a t e r s  and over t h e  cool- 
i ng  water  l i n e s  were monitored on a potent iometer ,  
5,% TEST PROCEDURE: 
The wicking chamber was f i r s t  evacuated t o  1 5  X mm of mer- 
cury. Then, f o r  t e s t i n g  of  s i n g l e  l a y e r s  o f  R e f r a s i l ,  45 m l  of work- 
i n g  f l u i d  w a s  i n j e c t e d  i n t o  t h e  chamber. However, f o r  t e s t i n g  dou- 
b l e  l a y e r s  of m a t e r i a l ,  d i f f i c u l t y  was experienced i n  i n i t i a l l y  f i l l -  
ing  t h e  gaps with f l u i d .  This  made it necessary  t o  f i l l  t h e  e n t i r e  
chamber wi th  l i q u i d .  Then, t h e  g r e a t e r  p a r t  o f  t h e  f l u i d  was removed 
us ing  a makeshift  sump pump cons i s t i ng  of a ga l lon  jug and t h e  vacuum 
Pump * 
A s  hea t  w a s  added through t h e  h e a t e r s ,  non-condensible gases  i m -  
mediately began t o  b u i l d  up i n  f r o n t  of t h e  condenser aluminum d i s c .  
This caused a temperature g rad ien t  t o  b u i l d  over  t h e  l eng th  o f  t h e  
hea t  pipe.  When t h e  g rad ien t  reached 5-10°C, t h e  needle  vacuum valve 
was opened s l i g h t l y  t o  purge t h e s e  gases from t h e  system. A t  hea t  
i n p u t s  below t h e  burn-out wat tage,  t h e  temperature g rad ien t  along t h e  
h e a t  p ipe  reduced t o  about 1 ° C  o r  a l i t t l e  l a r g e r  f o r  l a r g e  hea t  in -  
pu t s .  
After  purging s e v e r a l  t imes (over a per iod averaging t h i r t y  min- 
u t e s  t o  an hour) ,  t h e  hea t  i npu t  was increased  i f  burn-out had not 
occurred. Na tu ra l ly ,  t e s t  runs  were s h o r t e r  f o r  t e s t i n g  of double 
l a y e r s  of R e f r a s i l  s i n c e  t h e  f l u i d  flowed more r a p i d l y .  A t  o r  above 
t h e  burn-out wat tage,  purging d id  not reduce t h e  temperature of t h e  
h e a t e r  aluminum d i s c  t o  previous l e v e l s .  I n s t e a d ,  t h e  temperatures 
i nd ica t ed  by t h e  thermocouples on t h e  d i s c  cont inued t o  i nc rease ,  
When this happened, t h e  h e a t e r s  were s h u t  off s o  t h e  wiclting m a t e r i a l  
could r e s a t u r a t e  w i t h  f l u i d ,  
Condensible gases  purged from t h e  system were condensed by a co ld  
t r a p  immersed i n  d ry  i c e  and methanol before  t hey  could reach  t h e  vacuum 
pump. The co ld  t r a p  was changed every 2-3 hours a s  very  l i t t l e  f l u i d  
accumulated t h e r e .  The temperature g rad ien t  between h e a t e r s  was moni- 
t o r e d  cons t an t ly  during t e s t i n g  and t h e  guard hea t e r  was ad jus ted  
accordingly t o  keep it a t  zero.  Also, before  i nc reas ing  h e a t  i n p u t ,  
t h e  temperature d i f f e r e n c e  between t h e  cool ing  water  i n l e t  and o u t l e t  
l i n e s  was recorded ,  as was t h e  cool ing  water flow r a t e .  Unsuccess- 
f u l  a t tempts  were made dur ing  purging of  non-condensible gases  t o  meas- 
u r e  t h e  volume and a l coho l i c  conten t  o f  f l u i d  accumulated i n  t h e  co ld  
t r a p .  The volume accumulated dur ing  a normal run  was much t o o  smal l  
f o r  accu ra t e  measurement and ana lys i s .  
6. DISCUSSION AND RESULTS 
In Pa r t  I ,  t h e  f l u i d  t r a n s p o r t  rate along t h e  wick was found 
us ing  t h e  equat ion ,  
. 
where v i s  t h e  volumetr ic  f low r a t e ,  A i s  t h e  c ros s - sec t iona l  a r ea  
of  flow and dx/dt  i s  t h e  v e l o c i t y  of t h e  wet t ing  f r o n t .  
The v e l o c i t y  of t h e  we t t i ng  f r o n t  was found by d i f f e r e n t i a t i n g  
t h e  displacement-time equat ions  p l o t t e d  i n  Figs.  2-6. The equat ions  
o f  t h e  curves were found us ing  f i r s t - o r d e r ,  l e a s t  squares  approxi- 
t o  t h e  log-log p l o t s .  
Since t h e  c ros s - sec t iona l  a r e a  o f  flow was not  known, it was 
necessary t o  make an approximation us ing  volumetr ic  flow da ta .  The 
t o t a l  volume inpu t  over t h e  t e s t  l eng th  divided by t h e  t o t a l  e lapsed  
time gave t h e  volumetric flow r a t e  f o r  a wick l e n g t h  about one-half 
t h a t  o f  t h e  t e s t  l eng th  ( see  development i n  sample c a l c u l a t i o n s ) .  
Since t e s t s  with water a t  zero  degrees i n c l i n a t i o n  produced the  most 
c o n s i s t e n t  volumetr ic  flow d a t a ,  those  d a t a  were used i n  f i n d i n g  t h e  
c ros s - sec t iona l  a r e a  of flow. This  a r e a  was used a s  an approximate 
a r ea  f o r  o t h e r  t e s t s .  A l l  t e s t i n g  i n  Par t  I was done on 9-in.  X 1- in .  
t e s t  s t r i p s .  
The r e s u l t s  ( s ee  Tables I and I1 and Figs.  8-14) i n d i c a t e  water 
has t h e  h ighes t  flow r a t e ,  while  pure e t h y l  a l coho l  and 50 percent  e t h y l  
TABLE 1 
SINGLE LAYER OF RESRASIL NO, '2100-28 
VOLUMETRIC FLOW RATE AT 21-3/4 I N ,  (ML/MIN)  
PER INCH WIDTH 
R e f r a s i l  
2 
A s o l i d  = 0.016 i n .  
Wick # 2  
F i g s .  2 and 
Wick # 8  
> F i g s .  5 ,  11 
1 i n .  
2 
Area o f  f low = 0 .011  i n .  
= 68 p e r c e n t  of A  s o l i d  
8  
, and 
?Figure 5 indicates a bad poi r l t ;  Therefore, 0,074 mllrnin rnay be more 
a c c u r a t e ,  
??These numbers a r e  on ly  approximate due t o  t h e  extremely small f low 
r a t e s  and r e l a t i v e l y  high e v a p o r a t i o n  r a t e s  o f  t h e  f l u i d .  
DOUBLE LAYER OF REFRASIL NO.  '2100-28 
VOLUMETRIC FLOW RATE AT 21-3/4 I N .  (ML/MIN) 
PER I N C H  WIDTH 
Wick #5 
F i g s .  3 and 9 
Wick #6 
F i g s .  4 and 1 0  
, Wick #9 
F i g s .  6 ,  1 3 ,  and 14 
I. i n .  4 
2 
Area of f low = 0.040 i n .  
= 1 2 5  p e r c e n t  of 2 A s o t  
?Appears t o  be i n a c c u r a t e ,  comparing F i g s .  9 and 1 0 ,  
a l coho l  by weight were much lower,  The pure a l coho l  appeared t o  be 
only s l i g h t l y  b e t t e r  than  t h e  50 percent  mixture,  These r e s u l t s  a r e  
i n  good q u a l i t a t i v e  agreement with t h e  a n a l y t i c a l  s t u d i e s  o f  C6J. 
Comparison o f  Figs .  9 and 10 i n d i c a t e s  t h e  50 percent  a l coho l  run a t  
zero  degrees i n  Fig. 9 i s  inaccu ra t e .  This  run i s  a l s o  shown i n  Fig, 
3. 
With a s i n g l e  l a y e r  of  wicking m a t e r i a l ,  t h e  c a l c u l a t e d  water 
flow r a t e  f o r  a 21-3/4-in. X 1-in.  wick was from 0.073 ml/min at zero 
degrees t o  0.009 ml/min a t  n ine ty  degrees.  The flow r a t e  f o r  pure 
a l coho l  was from 0.011 ml/min a t  zero degrees t o  0.002 ml/min a t  n ine ty  
degrees .?  The 50 percent  mixture flowed a t  0.006 ml/min a t  ze ro  de- 
grees .  
Two l a y e r s  o f  wicking m a t e r i a l  sewn toge the r  increased  t h e  flow 
r a t e  of water  by a  f a c t o r  of about t e n  a t  zero  degrees.  This f a c t o r  
diminished t o  about two a t  n ine ty  degrees ,  i n d i c a t i n g  t h a t  water  d i d  
not  flow i n  t h e  v e r t i c a l l y  o r i en t ed  gap. The improvement f a c t o r  f o r  
a lcohol  was extremely e r r a t i c ,  a l though much l a r g e r  t han  f o r  water.  
The incons is tency  sugges ts  e i t h e r  inaccurac ies  i n  t h e  ex t r apo la t ion  
of dis tance-t ime curves o r  i n c o n s i s t e n t  f i l l i n g  o f  t h e  gap. A t  zero 
degrees ,  t h e  f a c t o r  was about 25 and, a t  n ine ty  deg rees ,  t h e  f a c t o r  
was 3. The 50 percent  mixture increased  by a  f a c t o r  of about 30 a t  
zero degrees.  The inc rease  i n  flow r a t e s  due t o  a  gap next  t o  t he  
wick has been suggested by previous  workers [ 7 , 8 3 .  
?see second foo tno te  Ln Table I ,  
Resu l t s  of P a r t  I were used t o  p r e d i c t  t h e  b e a t  t r a n s f e r  c a p a c i t y  
of a 21-3/4-in. hea t  pipe ope ra t ing  with s i m i l a r  wicking, f l u i d ,  and 
i n c l i n a t i o n .  Test r e s u l t s  f o r  a  s i n g l e  wick gave predic ted  wattages 
of 21.0 a t  ze ro  degrees and 2 . 6  a t  n ine ty  degrees f o r  water  and 0.90 
a t  ze ro  degrees and 0.17 a t  n ine ty  degrees f o r  pure e t h y l  a lcohol .  
A p r ed ic t ed  range of 0.5-1.7 wa t t s  f o r  t h e  50 percent  mixture a t  zero  
degrees was found us ing  l a t e n t  h e a t s  of a l coho l  and water ,  r e s p e c t i v e l y .  
Resul ts  t a b u l a t e d  i n  Table I11 show t h a t  t h e  burn-out wat tages 
obta ined  wi th  water  i n  P a r t  I1 were lower than  those  p red ic t ed  from 
t e s t s  ou t s ide  t h e  hea t  p ipe .  Apparently, t h e r e  i s  d i f f i c u l t y  i n  s a tu -  
r a t i n g  t h e  wicking m a t e r i a l  i n  t h e  heat  p ipe  and i n  keeping the  gaps 
between t h e  wick completely f i l l e d .  A bo t t l eneck  i n  t h e  mass r e t u r n  
process  occurs a t  t h e  condenser end where t h e  f l u i d  must t r a v e l  ver -  
t i c a l l y  i n  t h e  c i r c u l a r  R e f r a s i l  pa tches .  The d i f f e r ences  a r e  espe- 
c i a l l y  l a r g e  f o r  double l a y e r s  of  wicking m a t e r i a l  s i n c e  r a p i d l y  mov- 
i n g  f l u i d  must be suppl ied  t o  t h e  gaps. The s i t u a t i o n  was a l l e v i a t e d  
somewhat by p l ac ing  s e v e r a l  c i r c u l a r  R e f r a s i l  pa tches  on t h e  condenser 
aluminum p l a t e .  Ends of  t h e  h o r i z o n t a l  s t r i p s  were d i r e c t e d  v e r t i -  
c a l l y  downward between t h e s e  patches t o  c r e a t e  a  b e t t e r  gap e f f e c t .  
Also, t h i n  spacers  were placed between t h e  aluminum d i s c  and t h e  wick- 
i n g  cage. F i n a l l y ,  t h e  wicking cav i ty  was temporari ly  f i l l e d  with 
f l u i d  p r i o r  t o  t e s t i n g .  After  removing most o f  t h e  f l u i d ,  t h e  gaps 
could then  resupply themselves by c a p i l l a r y  a c t i o n .  
The equat ion f o r  maximum hea t  t r a n s p o r t  i n  a  hea t  p ipe  was given 
by E q .  (5)- 
TABLE I I I 
PREDICTED (PART I) AND ACTUAL (PART 11) BURN-OUT WATTAGES 
FOR A WICK LENGTH OF 21-3/4 I N .  AND 
FOR A TOTAL WIDTH OF 7 INCHES 
*fFl.ow against gravity if not 0°, 
??This was t h e  maximum power i n p u t  o f  t h e  h e a t e r .  
??+See second f o o t n o t e  i n  T a b l e  I. 
For t h e  ho r i zon ta l  p o s i t i o n ,  t h e  maximum hea t  - t r ans fe r  capac i ty  Q m x  
becomes inve r se ly  p ropor t iona l  t o  t h e  wick l eng th  L. Tes ts  by the  
au thor  and by o t h e r s  [4,5] support  t h i s  r e l a t i o n s h i p  with burn-out 
wat tages of  1 5  ( t h e  au tho r )  and 1 0  f o r  wick l eng ths  of  21-3/4 i n .  and 
32-1/4 i n . ,  r e s p e c t i v e l y ,  f o r  t h e  same t o t a l  width o f  7  i n .  
Tes ts  wi th  water  a t  var ious  angles  of i n c l i n a t i o n  produced burn- 
o u t s  from 15 w a t t s  a t  zero  degrees t o  5 wa t t s  a t  e i g h t ,  t e n ,  and f i f -  
t een  degrees.  The reduct ion  i n  capac i ty  change r a t e  wi th  an increas-  
i ng  opera t ing  angle  agrees  with t h e  behavior o f  t h e  cos ine  func t ion  
[ see  E q ,  (511. 
A t  ze ro  degrees i n c l i n a t i o n ,  t h e  burn-out wat tage f o r  pure e t h y l  
a lcohol  was 4  wa t t s .  This r ep re sen t s  a  decrease by a  f a c t o r  of  3.75 
from water.  Equation ( 5 1 ,  however, p r e d i c t s  a  f a c t o r  o f  about 13.5. 
However, t h e  burn-out wat tage of 4  i s  h igher  t han  p red ic t ed  by t e s t s  
ou t s ide  t h e  h e a t  pipe.  This  i s  probably due t o  inaccuracy of  hea t  
i npu t  measurement f o r  such low inpu t s .  Second, t h e  burn-out wat tage 
of  1 5  f o r  water  i s  low because t h e  wicking ma te r i a l  i n  t h e  h e a t  p ipe  
could no t  be thoroughly s a t u r a t e d  wi th  f l u i d .  P a r t  I t e s t s  i nd ica t ed  
f a c t o r s  of 15.0-23.1 f o r  a  s i n g l e  wick and 6.30-13.9 f o r  a double 
wick. Both ranges  have t h e  r i g h t  o rde r  of magnitude when compared 
t o  t h e  p red ic t ed  va lue  of 1 3 . 5 . i  
+It i s  no tab le  t h a t  wick performance a t  t imes va r i ed  considerably f o r  
d i f f e r e n t  t e s t  s e c t i o n s  of R e f r a s i l  ( s ee  Tables I and 11)- This i s  
probably due t o  v a r i a t i o n  i n  pore s i z e ,  
F i f t y  percent a lcohol  had a burn-out wattage of  only 2 wat t s  
a t  zero degrees ,  This was expected, A burn-out of  l watt  with 25 
percent  a l coho l  agrees  with Woo C61, bu t  d i sag rees  with Feldman and 
Whitlow [91.  However, i n  a wick l i m i t e d  hea t  p ipe ,  t h e  e f f e c t  of 
vapor flow i s  n e g l i g i b l e ,  whereas i n  Ref. [91, t h e  improvement may have 
been due t o  compression of  t h e  vapor. Seventy-five percent  a lcohol  r e -  
s u l t e d  i n  2 w a t t s  burn-out. 
Figure 15 shows temperature v a r i a t i o n  along t h e  hea t  p ipe  f o r  
25, 50 ,  and 75 percent  a lcohol  by weight mixtures .  Due t o  t h e  very 
low wattages,  t h e  25 and 50 percent  curves do not  r ep re sen t  s teady  
s t a t e  cond i t i ons ,  s o  these  curves may not  be very u s e f u l  f o r  compari- 
son of temperature d i f f e r e n c e s ,  The curves ,  however, do seem t o  in-  
d i c a t e  c o r r e c t l y  t h e  loca t ion  of  a  t r a n s i t i o n  from a lcohol  a t  t h e  con- 
denser  end t o  water  a t  t h e  h e a t e r  end i n  agreement with Feldman and 
Whitlow [91 .  
Usable d a t a  f o r  cool ing water temperature change i n  Pa r t  I1 
t e s t s  were not  obtained.  Such d a t a  could have been used with t h e  
cool ing  water flow r a t e  a s  a  check on h e a t  i npu t  measurement. Heat 
conduction through t h e  water p ip ing  and o t h e r  h e a t  l o s s e s  prevented 
accu ra t e  thermocouple record ings .  Also, purging o f  non-condensible 
gases  from the  system caused a  r e f r i g e r a t i o n  e f f e c t  a t  t h e  condenser 
end due t o  t h e  smal l  amounts of working f l u i d  ex t r ac t ed .  The magni- 
tude  of t h i s  e f f e c t  was est imated t o  be about 1 . 5  wa t t s  from t h e  ma- 
t e r i a l  co l l ec t ed  i n  t h e  cold t r a p .  Cooling water  was a c t u a l l y  cooled 
a t  t imes ,  i n s t e a d  of heated.  Occasional ly,  formation of i c e  near  t h e  
manifold i n  t h e  vacuum hose as w e l l  as cooling of t h e  manifold were 
noted. 
7, CONCLUSIONS AND RECOMMENDATIONS 
The simple experimental  se t -up  shown i n  Fig. 1 can be used t o  
o b t a i n  q u a n t i t a t i v e  des ign  d a t a  on wick m a t e r i a l s  with r e l a t i v e l y  
v o l a t i l e  f l u i d s ,  too.  Appropriate p recau t ions ,  however, must be made 
t o  minimize evaporat ive l o s s e s .  
A l i q u i d - f i l l e d  gap ad jacen t  t o  and running p a r a l l e l  t o  a wick 
i n c r e a s e s  t h e  l i q u i d  t r a n s f e r  r a t e  s e v e r a l f o l d .  Consequently, it can 
be recommended t h a t  a wick should always be designed with an ad jacen t  
gap provided by e i t h e r  another  l a y e r  of  wicking o r  a s u i t a b l e  wa l l .  
The gap should be a s  narrow a s  p o s s i b l e  s i n c e  r e f i l l i n g  a wide gap 
i n s i d e  a sea led  heat  p ipe  could be p r a c t i c a l l y  impossible .  For t h e  
same reason,  during t h e  i n i t i a l  f i l l i n g  of t h e  hea t  p i p e ,  s t e p s  should 
be taken t o  ensure complete f i l l i n g  of a l l  such gaps wi th  t h e  working 
f l u i d .  The r e s u l t s  o f  [71 i n d i c a t e  t h a t  gaps of  any apprec iab le  s i z e ,  
i . e . ,  i f  t he  wick i s  no t  touching t h e  wa l l  o r  t h e  next  l a y e r  forming 
t h e  gap, tend t o  l o s e  t h e i r  l i q u i d  f i l l ,  p a r t i c u l a r l y  i n  an adverse 
g r a v i t y  g rad ien t .  
I n  a wick l i m i t e d  hea t  p ipe ,  t h e  add i t i on  o f  water  t o  a lcohol  
does not  improve t h e  performance, bu t  tends  t o  a f f e c t  it adverse ly .  
A temperature d i f f e r e n c e ,  however, can be e s t a b l i s h e d  ac ros s  t h e  hea t  
p ipe  by t h e  use of such mixtures .  The proper ty  parameter suggested 
by 1 6 3 ,  phfgO/p, seems t o  g ive  good q u a l i t a t i v e  p r e d i c t i o n s  f o r  t h e  
performance o f  mixtures i n  a wick l i m i t e d  hea t  p ipe .  If t he  hea t  
p ipe  i s  vapor- l imited,  however, t h e  e f f e c t  of h igher  vapor d e n s i t i e s  
occuring with the mixtures could improve the heat trarasfei. rates as 
suggested by [YI. 
The fol lowing recommendations can be made f o r  f u t u r e  work on 
the  heat pipes  : 
(1)  C i r cu la r  K e f r a s i l  patches should be placed between t h e  
aluminum d i s c  and t h e  wicking cage a t  each end of  t h e  
hea t  p ipe .  Longer wicking s t r i p s  should then  be employed 
s o  t h a t  t h e  ends can be run  v e r t i c a l l y  between t h e  patches.  
This w i l l  i nc rease  f l u i d  flow a t  t h e  ends o f  t h e  wicks, 
p a r t i c u l a r l y  a t  t h e  condenser end. 
( 2 )  Larger h e a t e r  wi res  w i l l  a l low f i n d i n g  t h e  maximum hea t  
t r a n s f e r  c a p a b i l i t y  of  double wick l a y e r s .  
( 3 )  Tes ts  should be run  with t h e  condenser end o f  t h e  hea t  p ipe  
kept  a t  a temperature below 32OF. To do s o ,  it would be 
necessary t o  use  a  f l u i d ,  such a s  Freon, c i r c u l a t i n g  i n  a 
c losed  system through t h e  cool ing  chamber a t  t h e  condenser 
end. A r e f r i g e r a t i o n  u n i t  would be needed t o  coo l  t h e  c i r -  
c u l a t i n g  Freon. 
( 4 )  I nves t iga t e  chemical methods o f  determining a l c o h o l i c  con- 
t e n t  of  purged gases .  This w i l l  a i d  i n  determining how 
t h e  two f l u i d s  i n  a  mixture s epa ra t e  i n  t h e  hea t  p ipe .  
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L I S T  OF SYMBOLS 
2 
cross-sectiona.1 a r e a  of wick ( R  )? 
2 
a c c e l e r a t i o n  of  g r a v i t y  (R/t  ) 
l a t e n t  h e a t  of  vapor i za t ion  of l i q u i d  ( q / ~ )  
2 
wick permeabi l i ty  (R ) 
a c t u a l  l eng th  of  wicking m a t e r i a l  ( A )  
mass flow r a t e  (M/t) 
2 
c a p i l l a r y  pumping head (F/R ) 
2 
g r a v i t a t i o n a l  head (F/R ) 
2 
l i q u i d  v iscous  drag  (F/R ) 
2 
vapor p re s su re  drop (FIR 
heat t r a n s f e r  r a t e  ( q / t )  
mean pore r a d i u s  o f  wicking ma te r i a l  ( 2 )  
v e l o c i t y  (R/t  ) 
3 
volume flow r a t e  (R / t )  
2 
absolu te  v i s c o s i t y  of l i q u i d  (F-t/R ) o r  (M/t-R) 
3 
l i q u i d  d e n s i t y  (M/R ) 
l i q u i d  s u r f a c e  t ens ion  (F/R) 
angle between hea t  pipe a x i s  and g r a v i t a t i o n a l  f i e l d  
t ~ i m e n s i o n s  i n  parentheses  a r e :  F--force,  M--mass, &--length,  q--heat 
(F-R) , t--time. 
L-~est Length: 9 in.-= 
Width : 1 in. 
Figure 1. Schematic of  t e s t  arrangement f o r  measurement of c a p i l l a r y  
flow i n  wicks i n  t h e  g r a v i t a t i o n a l  f i e l d  
Figure 2 .  Wick d i s t a n c e  vs time graph 
Wick N o .  2 .  S ingle  l a y e r  a t  O0 
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Figure 3. Wick d i s t a n c e  vs t ime graph 
Wick No. 5. Double l a y e r  at O0 
Time, minutes 
Figure 4. Wick d i s t a n c e  vs t i m e  graph 
Wick No. 6 .  Double l a y e r  a t  O0 
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F i g u r e  5 .  Wick distance vs t i m e  graph 
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Figure 6. Wick d i s t ance  vs  time graph 
Wick No. 9. Double layer 
Figure 7. Heat pipe system 
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Figure 8. Volumetric flow vs wick length graph 
Wick No, 2. Single layer at O0 
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Figure 9 .  Volumetric flow vs  wick l eng th  graph 
Wick No. 5 .  Double layer a t  O0 
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Figure 10. Volumetric flow vs wick length graph 
Wick No. 6. Double layer at O0 
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Figure  11. Volumetric flow vs wick l e n g t h  graph 
Wick No. 8.  S ing l e  l a y e r  wi th  wate r  
Wick Length, inches 
F i g u r e  1 2 .  Volumet r i c  f low vs wick l e n g t h  graph 
Wick No. 8 .  S i n g l e  l aye r  w i t h  e t h y l  a l c o h o l  
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Figure 13 ,  Volumetric flow vs wick length  graph 
Wick No. 9 .  Double l a y e r  wi th  water  
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Figure 14. Volumetric flow vs wick length graph 
Wick No. 9. Double layer with ethyl alcohol 
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Figure 1 5 .  Heat pipe temperature vs distance curves 
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APPENDIX 
SAMPLE CALCULATIONS 
Schematic layout  of  Figs.  2-6 
v - t o t a l  volume i n  a wick of  l ength  
L (cm3 = ml) 
- 
to 
z t ime a t  which flow r eaches  L 
(min > 
v volumetr ic  flow rate a t  "x" (cm/min) 
(ml/min ) 
dx 
- = flow v e l o c i t y  at "x" ( cm/min > d t  
( s - 1 ) / s  ( s - l ) / s  
v w i l l  be exac t ly  v o / t o  i f  sx = L 
Denoting t h i s  "x" by "x ,'I we have 
0 
A, S i n g l e  Layer (Water at Zero Degrees) 
= 0.070 ernL 
2 
= 0 .011  in. 
B .  Double Layer  (Water a t  Zero Degrees)  
= 0.257 cm2 
2 
= 0.040 in. 
11, Finding Predicted Wattages f o r  Single Wick with Fluid at 80°F 
A .  W a t e ~  a t  Zero Degrees 
Q m x  = m  m a x  h  f g  
3 
cm 
= [I? cm 1 min-in.  ~ i ~ t h \  121/c:;;i!n/J 
= 3.0 w a t t s / i n .  of wid th  
Q h e a t  p i p e  
= [ ( w a t t s / i n .  w i d t h )  ( i n .  wid th ) ]  
= 21.0  watts 
B .  Alcohol a t  Zero Degrees 
Q h e a t  p i p e  = (O~79>(0.011)(214)(1/14.35) ( 2 )  
3 
c m  c a l  w a t t s  
= 1%) cm ( m i n - i n ,  w i d t h )  IF)(  c a l / m i n )  ( i n .  w i d t h )  1 
= 0 . 9 1  w a t t s  
C .  F i f t y  P e r c e n t  E t h y l  Alcohol  a t  Zero Degrees 
= 1 . 7  watts Q h e a t  
p i  p e  
u p p e r  l i m i t  p i  Pe h f  of I-120 
I - Qhea  t = 0 . 5  watts p i p e  1 o w e r  1 ieni  t p i  P e  - 'eat l h f g  of E. A1 c *  . 
= Q h e a t  
